In many Escherichia coli serotype O157 : H7 strains, defences against peroxide damage include the peroxiredoxin AhpCF and three catalases: KatG (catalase/peroxidase), KatE (catalase) and the plasmid-encoded KatP (catalase/peroxidase). AhpC and KatG basal expression is maintained by RpoS, and AhpC, KatG and KatP are all induced by OxyR/s 70 in exponential phase. KatE is regulated by RpoS during stationary growth and is independent of OxyR. In a previous study we used mutant strains of ATCC 43895 (EDL933) with deletions of katG, ahpC, katE and katP in all possible combinations to characterize peroxide resistance during both exponential and 18-24 h growth in Luria-Bertani broth at 37 6C. In this study, we used triple deletion strains that isolated each catalase/peroxidase gene to investigate their role in the peroxide resistance of biofilm-forming variant 43895OR in 48 and 72 h biofilms. We also used quantitative real-time reverse transcriptase PCR and translational lacZ fusions to study gene expression. Peroxide resistance was greater (P,0.05) in biofilm cells than in planktonic cells, and full resistance required rpoS but not oxyR. In 72 h biofilms, katG and katE were the major protective genes. katG, ahpC and katE peroxide protection had both rpoS-dependent and rpoS-independent components, but katP protection was independent of rpoS. H 2 O 2 challenge induced (P,0.05) katG, ahpC and katP expression in biofilm cells, suggesting that peroxide induction of the OxyR-dependent resistance genes may contribute to the RpoS-independent protection in Shiga toxin-producing E. coli biofilms.
INTRODUCTION
Micro-organisms living in an environment with abundant oxygen are continuously exposed to partially reduced oxygen species such as hydrogen peroxide (H 2 O 2 ) and superoxide (O 2 2 ), which are generated as by-products of aerobic metabolism. Much of the oxidative stress that occurs in living systems is thought to result from exposure to peroxides (Storz & Tartaglia, 1992) . Among the defences against peroxide damage, enteric bacteria have developed a system to induce the expression of a group of genes encoding peroxidases and catalases that scavenge H 2 O 2 (Imlay, 2008 ). The primary scavenger of H 2 O 2 in Escherichia coli is the alkyl hydroperoxide reductase AhpCF. AhpCF is a highly efficient two-component disulfide oxidoreductase that can scavenge most of the endogenously generated peroxides within aerobically growing E. coli (Seaver & Imlay, 2001 ). Transcription of the ahpCF genes is induced by the DNA-binding regulator OxyR, when the cell is exposed to H 2 O 2 (Morgan et al., 1986) . AhpC is also induced through the alternative sigma factor RpoS (Jung & Kim, 2003) . When high extracellular levels of H 2 O 2 diffuse into the cell, the scavenging ability of AhpCF can be overwhelmed, and catalase becomes the primary scavenger (Imlay, 2008) . In E. coli K-12, KatG is the predominant H 2 O 2 scavenger when H 2 O 2 levels are high. KatG is a chromosomally encoded catalase/peroxidase that is strongly induced by OxyR (Morgan et al., 1986) . KatG is also induced during the transition into stationary phase in an RpoS-dependent manner (Mukhopadhyay & Schellhorn, 1994) . KatE is a second chromosomally encoded catalase that is induced by RpoS during stationary phase growth but is independent of OxyR regulation (Schellhorn & Hassan, 1988) . Both KatG and KatE have been shown to be induced by certain stationary phase culture components such as weak acids in an RpoS-dependent manner (Schellhorn & Stones, 1992) .
In addition to KatG and KatE, many E. coli serotype O157 : H7 strains express an additional catalase/peroxidase, KatP, encoded on the large virulence plasmid (Brunder et al., 1996) . Although KatP was shown to be a functional catalase/ peroxidase, a plasmid-cured strain of EDL933 showed no differences in resistance to exogenous peroxides compared with the parent strain EDL933 (Brunder et al., 1996) . Moreover, a strain bearing KatP as the only catalase/peroxidase scavenged both inorganic and organic exogenous peroxides, but provided no more protection from H 2 O 2 in disc diffusion assays than a strain with deletion of all four peroxidescavenging enzymes (Uhlich, 2009) . Hence, the complete physiological role of KatP remains unclear.
E. coli O157 : H7 has been shown to be more resistant to H 2 O 2 when existing in single-or multiple-strain biofilms (Uhlich et al., 2006 (Uhlich et al., , 2010 . However, the complete mechanism by which it is protected has not been defined. Three mechanisms for the reduced susceptibility of biofilms to antimicrobials have been proposed: (1) failure of the antimicrobial to penetrate the biofilm; (2) development of a slow-growing or nutrient-deprived state in biofilm cells; and (3) formation of a population of protected persister cells within the biofilm (Cochran et al., 2000) . Studies in Pseudomonas aeruginosa have indicated that H 2 O 2 migration is not limited in biofilms but rather that H 2 O 2 is inactivated in the peripheral biofilm by catalase .
Although the conditions under which most strains of serotype O157 : H7 form a biofilm are unclear, strains with constitutive CsgD expression have been described and have served as useful models for studying the properties of serotype O157 : H7 during its persistence on solid surfaces (Uhlich et al., 2006; Ryu et al., 2004) . In a previous study, mutant strains of ATCC 43895 (EDL933) with single, double, triple and quadruple deletions of katG, ahpC, katE and katP in all possible combinations were used to characterize the peroxide resistance of planktonic cells during both exponential and 18-24 h growth at 37 u C (Uhlich, 2009) . In this study we used similar deletion mutants constructed in strain 43895OR, a constitutive curli-expressing variant, to compare the contributions of the peroxide resistance genes to the H 2 O 2 resistance of serotype O157 : H7 in biofilms.
METHODS
Bacterial strains, deletion mutant construction and recombinant plasmids. E. coli serotype O157 : H7 strain ATCC 43895 [Centers for Disease Control and Prevention (CDC), EDL933] and its biofilmproducing variant 43895OR were previously described and characterized (Uhlich et al., 2001 (Uhlich et al., , 2002 (Uhlich et al., , 2006 Uhlich, 2009) . Strains with deletions of the katG, katE, ahpC, katP, oxyR and rpoS genes, alone or in various combinations, were constructed in strain 43895OR as previously described (Uhlich, 2009) and are listed in Table 1 . The ahpC, katG and katE promoters of strain 43895 were amplified using primer pairs acgggatccatctatacttcctccgtgtttt/cataggtaagagcttagatcagg, gtttataaatagtgtggcttttatg/acgggatccatcaatgtgctcccctctacag, and tctcccgcctcatattgttaac/ataggatccagcgcataattttcactgcct, respectively. Amplified products were cloned into the SmaI/BamHI sites of plasmid pMLB1034 to create plasmids pMLB1034A, pMLB1034G and pMLB1034E. The correct sequence of all promoters was verified by sequencing.
H 2 O 2 challenge assays. Challenge assays were performed using a previously described method with modifications (Uhlich et al., 2006) . Biofilms were generated on sterile glass slides (2.5467.62 cm) in 50 ml conical centrifuge tubes (Corning) containing 20 ml LuriaBertani broth without salt (LB-NS) (Becton Dickinson) and incubated at 25 uC. Slides were transferred to tubes containing 25 ml H 2 O 2 at the desired concentration for 10 min at 25 uC, quenched in 25 ml 1 % sodium pyruvate (Sigma-Aldrich), washed in 25 ml H 2 O, and transferred to tubes containing 25 ml 0.1 % peptone water (PW) (Becton Dickinson) and 0.3 g of glass beads (Kimble Chase). Biofilms were dislodged with a sterile spatula, the tubes were vortexed for 30 s, and dislodged biofilm cells were diluted and plated on brain heart infusion agar (Becton Dickinson). All plates were incubated in air-tight jars containing GasPak EZ Campy Gas Generating sachets (Becton Dickinson) to provide a favourable environment (6-16 % O 2 , 2-10 % CO 2 ) for strains bearing multiple deletions. The planktonic samples (1 ml) were taken from the broth surrounding biofilms, pelleted (16 000 g, 1 min), and resuspended in 1 ml H 2 O 2 at the desired concentrations. Following 10 min incubations at 25 uC, the samples were quenched with 1 ml 2 % sodium pyruvate, pelleted and washed with 1 ml H 2 O, and resuspended in 1 ml PW for dilution and plating. Biofilm and planktonic control samples were exposed to H 2 O only. The means from three independent trials for each strain were compared by analysis of variance (ANOVA). The significance of the means at selected H 2 O 2 concentrations was tested using the Bonferroni technique (Miller, 1981) .
b-Galactosidase assays. For promoter expression assays during exponential growth, strains with lacZ translational fusions constructed in plasmid pMLB1034 were grown in LB-NS broth containing 100 mg ampicillin ml 21 for 18 h at 37 uC, diluted 1 : 100 into fresh medium, and grown to OD 600 0.13-0.15. For assays of 48 h cells growing on agar at 25 uC, strains were harvested from YESCA agar (Hammar et al., 1996) containing 100 mg ampicillin ml 21 using a sterile loop and suspended in cold Z buffer (Miller, 1972 ). All samples were tested for b-galactosidase activity as described by Miller (1972) . The means of three independent samples of each strain bearing lacZ fusions were adjusted for background lacZ expression by subtracting the mean of three replicates of the same strain bearing plasmid pMLB1034. Adjusted values in Miller units (MU) were evaluated by ANOVA, and the significance of the means was tested using the Tukey multiple comparison test (Zar, 1999) .
Challenge and RNA extraction of exponential phase planktonic cells. Starter cultures, grown in LB-NS for 18 h at 37 uC with shaking, were diluted (1 : 200) in 15 ml fresh LB-NS and grown to exponential phase. Working cultures were centrifuged (4100 g, 5 min, 25 uC) and resuspended in 15 ml of either pre-warmed (37 uC) PBS or PBS with 1 mM H 2 O 2 . The cell suspensions were shaken at 37 uC for 5 min and centrifuged for 5 min, and cell pellets were resuspended in 1 ml TRI Reagent (TR) (Molecular Research Center) by repeated pipetting. Samples were transferred to 2 ml microfuge tubes, held at 25 uC for 10 min, and clarified (12 000 g, 10 min, 25 uC), and the supernatants were stored at 280 uC.
Challenge and RNA extraction of planktonic and biofilm cells from static tanks or YESCA agar. A 30-slide stainless steel staining tray (Mopec) containing 10 evenly spaced slides was sterilized, placed into a sterile, stainless steel staining tank with cover (Mopec), and filled with 170 ml LB-NS. Tanks were inoculated with 850 ml of an 18 h culture, covered with foil to prevent evaporation, and incubated at 25 uC for either 18 or 48 h. Slides with biofilms were washed (45 ml PBS), treated (45 ml PBS±1 mM H 2 O 2 ), and washed again in individual 50 ml conical centrifuge tubes (Corning). Biofilm cells from all 10 slides were scraped into a single Nunc EZ Flip 50 ml conical centrifuge tube (Nalgene Nunc) containing 3 ml TRI Reagent Liquid Sample (TRLS) using a cell lifter (Corning) trimmed to a width of 10 mm. After scraping each slide, the TRLS with biofilm material was mixed by pipetting. The final volume of TRLS with biofilm material was held at room temperature for 10 min, adjusted to 4 ml by addition of TRLS, divided among four 2 ml microfuge tubes, clarified, and stored at 280 uC. Planktonic samples were harvested from biofilm tanks after removing the trays with slides and allowing the cellular debris to settle for 5 min. Aliquots of 25 ml were pelleted and treated as described above for the exponential phase planktonic cells grown at 37 uC. Cells from YESCA plates were collected using a sterile loop, suspended in 1 ml TR, clarified, and stored at 280 uC.
RNA purification, cDNA synthesis, and quantitative real-time reverse transcriptase PCR (qRT-PCR). Four tubes per treatment for biofilm samples or one tube per treatment for planktonic cells containing 1 ml TRLS or 1 ml TR, respectively, were thawed in a room temperature water bath, treated with 100 ml 1-bromo-3-chloropropane (BCP) (Alfa Aesar), and processed according to the manufacturer's protocol (MRC). Two 1 ml aliquots of RNA for each biofilm sample were precipitated, washed, suspended in 24 ml of nuclease-free water, and pooled. One 500 ml aliquot of RNA for each planktonic sample was precipitated, washed and suspended in 48 ml nuclease-free water. Samples were stored at 280 uC. RNA was DNase-treated using the Turbo DNA-free kit (Ambion) according to the manufacturer's protocol. cDNA was generated from 1 mg RNA using the High Capacity cDNA Reverse Transcription kit with RNase Inhibitor (Applied Biosystems) according to the manufacturer's protocol and stored at 220 uC. qRT-PCR was performed on a 7900HT Fast RealTime PCR System (Applied Biosystems) using 20 ml reactions containing: 20 ng cDNA (or 20 ng RNA as a negative control), 10 pmol of each primer (Integrated DNA Technologies) and 10 ml Fast SYBR Green Master Mix (Applied Biosystems). The transcription of katG, katE and ahpC was compared using primer pairs previously described (Uhlich, 2009 ). The katP and oxyR genes were tested with primer pairs ttatctggcaggatcctcttcc/atcagctcagatgcagggatac and tcgtaagctggaagatgagctg/ctgatccaccagcagcattcc, respectively. Amplification of the gyrA gene (Poirier et al., 2008) , using primer pair atgctgttctccgccgaagg/gcctaaacgaataccgcgaac, was used as a control to normalize the results. The reactions were subjected to a 20 s hold at 95 uC, followed by 40 cycles of 1 s at 95 uC and 20 s at 64 uC. Real-time PCR data were analysed using the 2 2DDCt method (Livak & Schmittgen, 2001 ). The expression fold changes for the three trials of the various genes were evaluated ANOVA. The pooled estimate of variance was used in individual contrasts to test whether the fold change for a given strain differed from 1 (SAS/STAT software, release 9.3).
RESULTS

Mature biofilm cells have greater H 2 O 2 resistance than planktonic cells
The resistance of biofilm and planktonic cells of strain 43895OR was compared over a range of H 2 O 2 concentrations (Fig. 1) . The significance of the mean survival differences was tested at 1.25 % H 2 O 2 , a concentration at which survival values among the strains showed maximum separation, and no strain had approached its minimum survival percentage. The survival of 72 h biofilm cells was significantly higher (P,0.05) than that of 72 h planktonic cells or 48 h biofilm cells, following a 10 min H 2 O 2 exposure. The proportion of surviving 48 h biofilm cells, following a 10 min H 2 O 2 exposure, was higher than that of 48 h planktonic cells and similar to that of 72 h planktonic cells, although the differences did not reach a level of significance at P50.05. These findings indicate that the peroxide resistance of stationary phase planktonic cells does not vary greatly as cells age, and is similar to that of young biofilm cells. However, as biofilms mature their peroxide resistance increases significantly. of three independent samples of the unchallenged control). The standard error (Std error) was calculated from the pooled variance from the ANOVA. Survival counts of strains with the same letter are not statistically different from each other. The asterisk signifies that strain 43895OR-CEP was later found to carry a truncated rpoS. (Fig. 2) . Only strains 43895OR and 43895OR-GCP showed greater survival (P,0.05) than strain 43895OR-GCEP following 1.25 % H 2 O 2 challenges, indicating that only KatE provided protection against high-concentration H 2 O 2 challenges. At 0.625 %, 43895OR-GEP, 43895OR-GCP and 43895OR-GCE all had greater survival (P,0.05) than 43895OR-GCEP. This suggests that AhpC and KatP are protective against lower-concentration challenges but are overwhelmed at higher concentrations.
As in 48 h biofilm challenges, 43895OR-CEP again failed to show protection greater than strain 43895OR-GCEP in 72 h biofilms. The unexpected protection failures of 43895OR-CEP by KatG prompted us to sequence the rpoS gene, which has been shown to support katG expression in stationary phase cells (Mukhopadhyay & Schellhorn, 1994) . Our results revealed a single basepair deletion (adenosine 772 of rpoS, amino acid 258) resulting in a frame shift that introduced a premature stop codon (amino acid 266) and truncated RpoS in 43895OR-CEP. Subsequent sequencing of all mutant strains used in this study revealed no additional strains with deviation from the wild-type rpoS sequence. In contrast to the wild-type strain, 43895OR strains that accumulated the A772 deletion displayed a negative catalase test, indicating that RpoS is inactivated by that mutation. Strain 43895OR-CEP was reconstructed maintaining the full-length rpoS, and the RpoS-deficient 43895OR-CEP was renamed 43895OR-CEPr.
H 2 O 2 challenges were repeated using the RpoS + strain 43895OR-CEP at concentrations of 1.25 and 0.625 %. Mean survival count comparisons following challenge with 1.25 % H 2 O 2 , at which mutant strains showed maximum separation from strain 43895OR, are shown in Fig. 3(a) . With a functional RpoS, strain 43895OR-CEP now showed the highest mean survival of all deletion strains and was not significantly different (P.0.05) from strain 43895OR. Strain 43895OR-CEP was the only mutant strain with greater (P,0.05) survival than the quadruple mutant 43895OR-GCEP, suggesting that KatG was the only protective catalase/ peroxidase. However, strain 43895OR-GCP, which grew to a significantly greater extent (P,0.05) than the quadruple mutant strain in the 72 h challenges reported in Fig. 2 , just missed significance in these experiments. When we used a less conservative method for separation of means (Fisher's Protected LSD), strain 43895OR-GCP survival was again significantly greater (P,0.05) than that of strain 43895OR-GCEP (results not shown), indicating that KatG and KatE both provide protection in 72 h biofilm challenges.
RpoS inactivation resulted in significantly lower (P,0.05) survival in strains 43895OR-CEPr, 43895OR-GEPr and 43895OR-GCPr compared with the isogenic RpoS + strains (Fig. 3a) . However, strain 43895OR-GCEr survival was not different (P.0.05) from that of 43895OR-GCE. This indicates that RpoS is required for full resistance by KatG, AhpC and KatE, but not for KatP. Only strain 43895OR-GCPr had counts significantly lower (P,0.05) than strain 43895OR-GCEP, indicating that KatE provided the least protection in 72 h biofilms in the absence of RpoS. Finally, we were unable to create a strain with deletion of all four catalase/peroxidase genes and rpoS, indicating that RpoS is essential for survival of strain 43895OR-GCEP under the culture conditions used in this study. However, each of the single catalase/peroxidase genes alone provided enough RpoS-independent protection to allow survival and growth.
RpoS, but not OxyR, is required for full peroxide resistance in 72 h biofilms Survival comparisons of H 2 O 2 -challenged 72 h biofilms composed of strain 43895OR or 43895OR with deletions of rpoS, oxyR or both rpoS and oxyR are shown in Fig. 3(b) . Following 1.25 % H 2 O 2 exposure, strain 43895OR and 43895OR-OxyR survival counts were not different (P.0.05) from each other but were greater (P,0.05) than those of strain 43895OR-RpoS or 43895OR-R/O. Strain 43895OR-RpoS and 43895OR-R/O counts were not different from each other (P.0.05). These findings indicate that RpoS is essential for complete peroxide resistance in strain 43895OR 72 h bioflms. The contributions of OxyR appear insignificant; however, slight OxyR-dependent resistance changes might not be apparent in strains bearing all four resistance genes.
The catalase/peroxidase genes are induced by H 2 O 2 in 48 h biofilms Zheng et al. (2001) successfully profiled oxidative stress responses of exponential phase E. coli K-12 grown in LB broth using microarrays and 1 mM H 2 O 2 challenges. We used a similar strategy to test biofilm cells of O157 : H7 strain 43895OR, but the high amount of RNA degradation associated with biofilms prompted us to use qRT-PCR rather than microarrays and study RNA from 48 h rather than 72 h biofilms. In this study, we used LB-NS broth to maximize biofilm production (Uhlich et al., 2006) . When strains 43895 and 43895OR were grown in LB-NS broth for 18 h at 37 u C, 1 mM H 2 O 2 increased katG expression seven-and 14-fold, respectively, compared with the unchallenged controls ( Table  2 ). The expression of katP was also significantly induced (P,0.05) by H 2 O 2 in both 43895 (2.86-fold) and 43895OR (4.13-fold), while ahpC expression was increased (P,0.05) only in strain 43895OR (3.65-fold) ( Table 2 ). Strain 43895 expression values were lower than those reported in a previous study using LB broth where 1 mM H 2 O 2 induced katG 16-fold and ahpC 2.7-fold in 24 h cultures grown at 37 u C (Uhlich, 2009 ). Thus, exclusion of salt from LB medium slightly diminished the induction response. When strains 43895 and 43895OR were grown in LB-NS broth for 18 h at 25 u C in the biofilm tank, there were no significant expression differences (P.0.05) for any catalase/peroxidase gene following H 2 O 2 exposure, except for katE, which changed only 1.25-fold (Table 2 ). This indicates that the induction response is lost in planktonic cells growing under conditions favourable for biofilm formation.
The results of the expression studies on 48 h biofilm and surrounding planktonic cells are also shown in Table 2 . For H 2 O 2 -challenged biofilm cells, ahpC, katG and katP all showed significant expression increases (P,0.05) greater than twofold, while only katG was increased (P,0.05) greater than twofold in the planktonic cells. These results indicate that H 2 O 2 exposure will induce expression of the oxyR-dependent catalase/peroxidase genes in 48 h biofilm cells. Interestingly, planktonic cells growing in the biofilm tank for only 18 h showed essentially no induction, while planktonic cells growing in the tank with 48 h biofilms showed slight expression increases. These small increases may reflect contributions from induced cells lost from the structured biofilm during processing. The expression of oxyR was unchanged by H 2 O 2 exposure under all tested conditions, except for a small decrease (,1.5-fold) observed in 18 h planktonic cells grown at 25 uC.
Basal expression of katP and katE is elevated in biofilm cells compared with exponential phase broth cells
We examined the effect of RpoS on basal expression of the catalase/peroxidase genes using lacZ translational fusions both in exponential phase cells grown in LB-NS broth and in 48 h cells cultured on YESCA agar, a simulated biofilm model (Table 3) . Cloned katP promoter fragments of various lengths proved unstable on pMLB1034 in strains derived from 43895OR and were not included in the comparisons. The expression of ahpC and katG either in exponential phase broth cells or in the 48 h biofilm model remained constant or increased slightly (,2.3-fold) when rpoS was deleted. In contrast, katE expression decreased .90 fold (biofilm) and 11-fold (exponential) following rpoS deletion. Expression of katG was modest in both the wild-type (14.3 MU) and rpoS-deficient strains (23.3 MU) during exponential growth and increased five-to sixfold in the stationary biofilm model. Expression of ahpC in the wild-type and rpoS mutant was also greater (five-and 12-fold, respectively) in stationary compared with exponential phases. In contrast, katE increased more than 70-fold in the wild-type strain but only fivefold in the rpoS mutant in stationary compared with exponential phase. The large katE increase, noted only in the presence of RpoS, confirms the expectation that RpoS would increase katE expression in stationary phase. The finding of katE expression in early exponential phase (OD 600~0 .15), when RpoS would not be elevated, may represent carry-over of RpoS or b-galactosidase accumulations from the stationary phase starter culture. The increased activity of the various stationary phase promoters could represent accumulations of stable bgalactosidase during extended growth. To test this possibility, we compared transcript levels of each catalase/peroxidase gene from strain 43895OR in the YESCA agar biofilm model incubated for 48 h with those of exponential phase 43895OR grown in LB-NS broth. There was no significant difference (P.0.05) in the expression of ahpC (+1.20-fold) and katG (21.50-fold) in stationary phase biofilm cells compared with exponential broth cells under non-induced conditions. However, katE showed a 9.27-fold increase (P,0.05) and Strains were grown in LB-NS broth (planktonic) or on glass slides submerged in LB-NS broth (biofilm) for the times and temperatures indicated. RNA collected from three independent samples was reverse-transcribed and used for real-time PCRs. Results were analysed using the 2 2DDCt method (Livak & Schmittgen, 2001 ) and converted to fold changes. Increases (+) or decreases (2) in H 2 O 2 -challenged compared with unchallenged gene expression were tested for significance using ANOVA. Statistically significant mean fold changes are accompanied by the corresponding P value in parentheses.
Strain
Cell Table 3 . Mean promoter activity (MU) of ahpC, katG and katE promoters in lacZ translational fusions expressed in strains collected from 48 h YESCA agar or grown to exponential phase in LB-NS broth P values for pairwise comparisons of fold change increases (+) and decreases (2) are shown in parentheses. exp, Exponential. 
DISCUSSION
In mature 72 h biofilms, katG and katE were the most protective resistance genes. Although we did not retest katG resistance in 48 h biofilms after reconstructing strain 43895OR-CEP, we could determine that katP and ahpC, but not katE, had a significant protective effect in earlier biofilms. In a previous study, katG and ahpC were the most important peroxide resistance genes protecting the early growth of strain 43895 during disc diffusion assays, while katP and katE were not protective (Uhlich, 2009) . Apparently, katG maintains its protective dominance throughout cell growth, as well as in biofilms, while katE becomes protective only in later biofilms. katP and aphC had more intermediate levels of protection and may be more important in younger biofilms. This may not be surprising for ahpC, which protects more against intracellular peroxides resulting from metabolism, and has been predicted to be less important in older cells with exhausted NADP levels (Seaver & Imlay, 2001 ). katP does not appear to have a large role in protecting biofilms and its protective niche remains to be discovered.
OxyR contributions to biofilm peroxide resistance were minimal, while RpoS regulation was essential. This is in general agreement with studies where OxyR induction was greatest during exponential phase and negligible in stationary phase (González-Flecha & Demple, 1995) , and where E. coli survival was reduced during prolonged growth following RpoS inactivation (Mulvey et al., 1990) . RpoS seems essential for complete stationary phase protective effects of the three conserved E. coli peroxide resistance genes but had weaker influence, if any, on the plasmid-borne catalase/ peroxidase gene katP. This agrees with our previous study, where strain 43895 RpoS suppressed rather than enhanced katP expression in stationary phase broth cultures (Uhlich, 2009) .
It was obvious from the lethal nature of the rpoS mutation in strain 43895OR-GCEP that protective factors in addition to the catalase/peroxidases were supported by RpoS. Such additional defences have been well described (Imlay, 2008) . The iron sequestration protein Dps, which is essential for growth in catalase/peroxidase mutants of E. coli and regulated by RpoS as well as OxyR, is one likely contributor to the residual peroxide resistance (Park et al., 2005; Altuvia et al., 1994) . In contrast to strain 43895OR-GCEP, strains with a single catalase/peroxidase gene survived RpoS inactivation. As each strain had no residual RpoS-dependent protection, it must be assumed that survival was being conferred through RpoS-independent regulation of the lone catalase/peroxidase gene or a different unidentified mechanism. It should be noted that 43895OR-GCPr was the only triple deletion strain constructed in an RpoS-deficient background that was unable to generate survival counts as high as 43895OR-GCEP, indicating that katE protection was more dependent on RpoS than katG, ahpC or katP.
How would the catalase/peroxidase genes be regulated in stationary phase biofilms in the absence of RpoS? Stationary phase expression in the absence of RpoS would likely be driven by s 70 . If basal s 70 expression alone allowed survival of the strain bearing only katE, OxyR induction could explain the comparatively higher survival of strains bearing the other three isolated resistance genes. Several studies have shown that OxyR protein persists into stationary phase and results in a slight induction of OxyR-dependent genes in stationary phase (González-Flecha & Demple, 1997a; Altuvia et al., 1994) . In this study, the OxyR-inducible genes (katG, ahpC and katP) were all induced in biofilms following H 2 O 2 exposure, but the induction response was clearly more muted than the response of exponentially growing cells, particularly for katG. These smaller responses could reflect generalized weak expression in biofilm cells, but it is more likely that a small population of cells within the biofilm is generating a significant response that is being diluted by a larger population of non-responding cells from other areas of the biofilm. Extreme heterogeneity of physiological conditions within biofilms has been well established (Stewart & Franklin, 2008) . Such heterogeneity results in the establishment of various microcosms, each with genotypic, phenotypic and gene expression variations adapted for survival in those unique areas. If only a small number of biofilm cells are capable of H 2 O 2 induction, their effect on the peroxide resistance of the total biofilm population would be minimal. This would explain why OxyR deletion had little effect on biofilm cell survival.
A mechanism independent of both RpoS and OxyR could also be used for regulation of the catalase/peroxidase genes in stationary phase biofilms. Such a pathway was hypothesized by Visick & Clarke (1997) , who showed that slight stationary phase increases in KatG activity in an RpoSdeficient strain were unaffected by a second deletion in OxyR. Whether such a mechanism exists or whether OxyR induction is indeed responsible for catalase/peroxidase protection in the absence of RpoS remains to be seen.
It is also unclear how strong and physiologically relevant H 2 O 2 resistance provided by the catalase/peroxidase genes in the absence of RpoS would be. It seems unlikely that biofilms, which are considered a protective response against stressful conditions, would maintain a high frequency of rpoS mutations. However, such a mechanism has been described in aged broth cultures whereby nutrient deprivation stimulates a paradoxical increase in attenuating rpoS mutations, the so-called 'growth advantage in stationary phase' or 'GASP' phenotype (Zambrano et al., 1993 : NotleyMcRobb et al., 2002 . For instance, in chemostat cultures, s 70 -dependent expression increases in the high-affinity glucose uptake systems under glucose limitation were further increased by inactivating or attenuating mutations in rpoS that reduced competition with s 70 for the core RNA polymerase, allowing rpoS mutant strains to rapidly overtake the culture population (Notley-McRobb et al., 2002) . Such mutations come at the expense of reduced RpoS-dependent protection against physical and chemical stresses, and stress pressures have been predicted to restore a functional RpoS in the population (Ferenci, 2003) . The unexpected finding of RpoS inactivation in strain 43895OR-CEPr during this study combined with similar reports in other serotype O157 : H7 strains indicate that RpoS attenuation is common in serotype O157 : H7 (Robey et al., 2001; Waterman & Small, 1996; Coldewey et al., 2007) . In stationary phase strains that have attenuated RpoS, re-establishment of OxyR-dependent catalase/peroxidase gene induction could be an important protection mechanism. It is currently unknown what role RpoS attenuation plays in the survival of nutrient-deprived E. coli in biofilms, especially considering that RpoS has a positive role in expression of the master biofilm regulator CsgD (Barnhart & Chapman, 2006) . Strain 43895OR, with a csgD promoter alteration favouring s 70 rather than rpoS, would likely generate biofilms whose physical properties are minimally affected by RpoS loss. Although we cannot completely rule out the possibility that RpoS loss indirectly influenced strain 43895OR biofilm properties, actual cell counts recovered from unchallenged biofilms in this study were unaffected by RpoS deletion (results not shown). How and whether RpoS affects peroxide resistance through changes in biofilm physical properties in strains with RpoS-dependent regulation of CsgD will need to be addressed in a separate study. In addition, the GASP phenotype clearly needs to be more closely studied in biofilm cells.
KatE dependence on RpoS and the predominance of KatE in stationary phase were confirmed by b-galactosidase expression assays using the YESCA agar biofilm model and qRT-PCR, comparing 48 h biofilm cells with exponential broth cultures. However, neither katG nor ahpC was positively regulated by RpoS in the b-galactosidase assays, and neither showed significant differences in transcript levels between biofilm cells and logarithmic cells. Other studies using LacZ fusions have shown that RpoS maintains slight (twofold) basal expression levels of katG and likely also of ahpC during stationary phase (González-Flecha & Demple, 1997a, b; Mukhopadhyay & Schellhorn, 1994) . It is not completely known whether and how the catalase/peroxidase genes, other than katE, are induced beyond basal levels in stationary phase, although accumulation of certain metabolic products in stationary phase cultures may be involved (Jung & Kim, 2003; Mukhopadhyay & Schellhorn, 1994) . In most studies, RpoS-dependent catalase/peroxidase reduction levels upon rpoS deletion were small and expression was tested in ¡24 h broth cultures. Clearly, further studies will be needed to understand regulation in biofilms.
In summary, KatG and KatE were the most protective of the catalase/peroxidases in mature 72 h biofilms, while AhpC and KatP showed significant protection at 48, but not 72 h. The H 2 O 2 resistance conferred by each catalase/ peroxidase gene was supported by both RpoS-dependent (except for katP) and RpoS-independent gene regulation. Expression of katE was almost entirely RpoS-dependent and strongly induced in biofilms compared with exponential cells. katG and ahpC did not show strong stationary phase induction but required RpoS for maximum protection. Planktonic cells showed little H 2 O 2 induction in late stationary phase, but a significant response was elicited from the OxyR-dependent catalase/peroxidase genes in 48 h biofilm cells.
